Microbial communities in engineered terrestrial haloalkaline environments have been poorly characterized relative to their natural counterparts and are geologically recent in formation, offering opportunities to explore microbial diversity and assembly in dynamic, geochemically comparable contexts. In this study, the microbial community structure and geochemical characteristics of three geographically dispersed bauxite residue environments along a remediation gradient were assessed and subsequently compared with other engineered and natural haloalkaline systems. In bauxite residues, bacterial communities were similar at the phylum level (dominated by Proteobacteria and Firmicutes) to those found in soda lakes, oil sands tailings, and nuclear wastes; however, they differed at lower taxonomic levels, with only 23% of operational taxonomic units (OTUs) shared with other haloalkaline environments. Although being less diverse than natural analogues, bauxite residue harbored substantial novel bacterial taxa, with 90% of OTUs nonmatchable to cultured representative sequences. Fungal communities were dominated by Ascomycota and Basidiomycota, consistent with previous studies of hypersaline environments, and also harbored substantial novel (73% of OTUs) taxa. In bauxite residues, community structure was clearly linked to geochemical and physical environmental parameters, with 84% of variation in bacterial and 73% of variation in fungal community structures explained by environmental parameters. The major driver of bacterial community structure (salinity) was consistent across natural and engineered environments; however, drivers differed for fungal community structure between natural (pH) and engineered (total alkalinity) environments. This study demonstrates that both engineered and natural terrestrial haloalkaline environments host substantial repositories of microbial diversity, which are strongly shaped by geochemical drivers.
H
ighly alkaline, saline environments pose numerous challenges for microbes, including maintaining a neutral cytoplasmic pH, regulating intracellular osmotic potential, and obtaining sufficient quantities of nutrients. The combination of stresses imposed by high-pH, high-salt environments require unique adaptations for survival and growth (1, 2) . Extreme terrestrial, naturally formed alkaline and saline (haloalkaline) environments such as soda lakes and hot springs are now recognized as hot spots of microbial diversity (3) (4) (5) , the investigation of which has yielded novel species and functional capacities (6) (7) (8) (9) and reshaped our current understanding of microbial taxonomy, phylogeny, and evolutionary relationships (3, 4, (10) (11) (12) (13) (14) as well as enabling new, biotechnological applications (11, 15, 16) . In comparison, anthropogenic, engineered haloalkaline environments, such as mine wastes and tailings facilities, have been poorly characterized to date and present substantial potential for the discovery of novel extremophiles and evolutionary lineages (16) (17) (18) (19) (20) (21) as well as contributing to an expanded understanding of global microbial biogeography. Few studies have examined the composition of microbial communities in engineered terrestrial haloalkaline environments, and none have compared microbial communities among similar engineered haloalkaline environments. Furthermore, no study to date has compared microbial communities in engineered haloalkaline environments to those of their naturally formed counterparts. It is therefore unknown at present to what extent communities in engineered haloalkaline environments resemble those in natural haloalkaline environments and whether they share common drivers of microbial community structure. The low initial microbial diversity typically observed in mine wastes and tailings (22) (23) (24) (25) provides an opportunity to study successional processes in extremophilic microbial communities and may lead to greater understanding of the origins and environmental drivers of high microbial diversity in geologically older, naturally developed extreme environments. Given the growing global production of tailings (7,125 ϫ 10 9 kg [7,125 million tons {Mt}]/year worldwide [26] ), characterization of microbial communities inhabiting engineered environments is also of importance in remediation and management.
Defining global microbial biogeographical patterns has been facilitated by the advent of culture-independent DNA-based methods for profiling microbial communities (27, 28) . Although environmental microbial communities are well known to be heterogeneous, they are not necessarily random, as geochemical drivers of community structure are commonly observed (29) (30) (31) . Salinity has been identified as the major driver of bacterial community composition and diversity across a wide variety of natural terrestrial environments, including those posing multiple stres-sors (hot springs, soda lakes, Arctic glaciers) (32) . High-salinity environments such as soda lakes are associated with moderate to high species level bacterial diversity (5, 13, 32, 33) , especially in microbial mats at lake edges, where a diversity of geochemical niches exist over small spatial scales and support highly diverse communities containing many species yet to be described and classified (3, 4, 34) . Although no global-scale analysis of environmental drivers of fungal community composition and diversity exists, regional-scale studies identify pH as the major driver of fungal community structure in haloalkaline environments, whereas salinity dominates in circumneutral systems (35, 36) . If geochemical parameters are important drivers of community structure in natural haloalkaline systems, then salinity and pH, respectively, should also be key drivers of bacterial and fungal community composition and diversity in engineered haloalkaline environments. Further, halo(alkali-)philic and tolerant (extremophile) species can be expected to dominate microbial communities inhabiting engineered haloalkaline environments.
This study uses bauxite residue (alumina refining tailings) as a model engineered haloalkaline environment in which to compare microbial community structures between natural and engineered systems and identify common environmental drivers of microbial community structure across these systems. Bauxite residue is produced globally in large volumes (estimated to be 70 to 120 Mt/ year, of a total of 7,125 Mt/year of all tailings produced worldwide [26, 37] ) across every continent except Antarctica. Bauxite residue is an alkaline (average pH 11.3), saline (average electrical conductivity [EC], 7.4 mS cm Ϫ1 ) tailings material produced during alumina refining, mostly composed of iron oxides (hematite, goethite), quartz, and titanium dioxides (rutile, anatase) (38) (39) , giving it a geochemical profile similar to that of natural (sulfated) athalassohaline soda lakes. The objective of this study was to establish whether relationships exist between environmental characteristics and microbial community structure in extremely alkaline, saline, terrestrial engineered environments, consistent with those previously observed in natural alkaline, saline environments, through cultivation-independent approaches. To achieve this objective, samples from eight bauxite residue sites spanning a remediation gradient (see Materials and Methods for details) were directly assessed for both geochemical characteristics and microbial community structure (cultivation-independent techniques). Results from bauxite residue were then included into a larger data set incorporating published results from natural sulfated athalassohaline salt lakes, steel slag uranium mill tailings, and chromite ore processing residue as well as including a further direct assessment of an oil sands tailings residue sample (Fort McMurray, Alberta, Canada). We expected that microbial communities in bauxite residue would show a community structure similar to those of their geologically older, natural counterparts and other engineered haloalkaline environments, including a high proportion of novel operational taxonomic units (OTUs; matching reference database sequences at Ͻ97% similarity) within communities, and that salinity and pH would be identified as major drivers of bacterial and fungal community structure in bauxite residue, as observed in natural haloalkaline systems.
MATERIALS AND METHODS
Site history and sampling sites. Bauxite residue samples were collected from three tailings storage facilities in Germany, Ireland, and Australia. Sample names were allocated sequentially as BR1 to BR8 along a remediation gradient (with "BR" standing for "bauxite residue") according to their remediation status: unremediated (fresh, unamended tailings), poorly remediated (some weathering or amendments applied, but still no or patchy vegetation, lack of soil structure), and well remediated (weathering/amendments applied, with good vegetation cover or development of soil structure, as well as lower pH, salinity, and sodicity) ( Table 1 ). An unremediated site (BR1, BR2) and a poorly remediated site (BR4, BR5) were sampled in Germany; a poorly remediated site under a sand cap was sampled in Australia (BR3, BR6); and a well-remediated site that had received compost, gypsum, sand, and tillage was sampled in Ireland (BR7, BR8) ( Table 1 ). Sampling across a remediation gradient provided a range of environmental conditions as well as enabling investigation of microbial community succession during remediation. At all field storage facilities, samples for microbial community analyses were collected aseptically and immediately transferred to sterile, sealed containers on ice (for bulk community 16S rRNA sequencing). Samples were also collected for chemical and physical analyses (Table 1; see also Table S1 in the supplemental material); these were packed into plastic containers and shipped at ambient temperature.
DNA extraction, amplification, and sequencing. Microbial DNA was extracted (MoBio PowerSoil DNA isolation kit, Carlsbad, CA) from frozen samples, and PCR was performed using modified versions of the universal bacterial 16S primers 27F (5= AGR GTT TGA TCM TGG CTC AG 3= [40] ) and 519R (5= GTN TTA CNG CGG CKG CTG 3= [41] ), the universal fungal primers ITS1 and ITS4 (42) , multiplex identifiers (MIDs), and the HotStarTaq Plus master mix kit (Qiagen, Valencia, CA). The PCR was performed under the following conditions: 94°C (180 s); 28 cycles of 94°C (30 s), 53°C (40 s), and 72°C (60 s); and 72°C (300 s). Amplicon products were purified using the Agencourt AMPure PCR Purification system (Beckman Coulter, Indianapolis, IN) and sequenced us- Chemical and physical analyses. Moisture content was determined by drying bauxite residue samples at 40°C to constant weight. A combination of dry sieving (for the 100-to 2,000-m fraction) and laser sizing (for the Ͻ100-m fraction; Malvern Mastersizer 2000; Malvern, United Kingdom) was used to determine particle size distribution. The pH and electrical conductivity (EC) of samples were measured in 1:5 soil/solution extracts (43) , and total alkalinity was determined by the pH change of a buffer (44) . Exchangeable cations were determined by silver thiourea extraction (43) , and water-extractable elements (in 1:50 soil/water extracts) were subtracted from exchanged cations to correct for soluble salts. Extracts were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) after filtering to Ͻ0.45 m. Total N was determined by dry combustion-thermal conductivity furnace (LECO CNS-2000; LECO Corporation, St. Joseph, MI). Total and organic C concentrations were determined by inductive combustion-infrared absorption furnace (ELTRA CS-2000; Haan, Germany); inorganic C concentration was calculated by subtracting organic C from total C.
Bauxite residue community sequencing data analysis and statistical procedures. Using QIIME (45), MIDs and primers were removed from bauxite residue DNA sequences, sequences under 150 bp or with ambiguous base calls or homopolymer runs exceeding 6 bp were removed, chimeras were removed, and OTUs were defined by clustering at 97% similarity using an open-reference OTU picking strategy. Although clustering at 97% similarity is commonly used to define "species" level groups, relatively short sequence reads may not allow unequivocal identification at the species level, and sequences showing Ն97% similarity to each other are therefore referred to as OTUs rather than species throughout this paper. Bauxite residue sequences were aligned using the Aligner tool within the Ribosomal Database Project Pyrosequencing pipeline (46, 47) . Bacterial and fungal phylogenetic trees were constructed using FastTree (48) . Taxonomic classification of OTUs was performed with BLASTn against a curated GreenGenes database (49) . Best matches to cultured representatives based on percent identity and E value for each OTU sequence were identified within the NCBI GenBank RefSeq sequence database using BLASTn. The UniFrac tool (50) was used to perform principal components analysis of the bacterial and fungal communities in each sample and to cluster similar communities. Bacterial and fungal phylum abundances as a proportion of total sequence reads per sample (relative abundances) were plotted using the heatmap.2 function in the gplots package (51) for R (52) . Rarefied species richness (S rar ), Shannon diversity at the phylum (H= phy ) and OTU (H= OTU ) levels, and Simpson diversity at the phylum level (L OTU ) were calculated using the vegan package (53) for R. Correlations between UniFrac principal component loadings, bacterial and fungal community composition metrics, and environmental characteristics (see Tables S2 to S6 in the supplemental material) were calculated to identify variables contributing to overall variation in microbial communities (bacterial and fungal) between samples, at a significance level (␣) of 0.05 (two-tailed; Genstat release 12.1; VSN International).
Comparison of bauxite residue microbial communities with other haloalkaline microbial communities. To assess similarity in microbial community composition between natural and engineered environments, a literature search was performed to identify published microbial community sequencing studies in natural and engineered terrestrial haloalkaline environments. Studies of microbial community structure in natural haloalkaline environments are abundant; however, we restricted analysis here to studies of sulfated athalassohaline salt lakes sediments (54, 55) (n ϭ 6; Table 2 ) because these bear the greatest geochemical and physical similarity to bauxite residue (high pH, high Na ϩ , high CO 3 2Ϫ , high SO 4 2Ϫ ). Only three previous studies of microbial community composition in engineered terrestrial haloalkaline environments resulting from human industrial activities were found, in steel slag (56) , uranium mill tailings (57) , and chromite ore processing residue (58) ( Table 2 ). To increase the number of engineered environments represented in this study (total, n ϭ 7), an oil sands tailings sample collected under sterile conditions from Fort McMurray, Alberta, Canada (December 2012), was also included for DNA sequencing as per the protocol above.
To compare communities at the phylum level across natural and engineered haloalkaline environments, open-reference OTU picking was first applied to the bauxite residue and oil sands sequences, as this preserves all novel, uncultured microbial taxa. Phylum level microbial community compositions in these two environments were compared with published data (also generated by open-reference OTU picking) from other studies of natural (n ϭ 6) and engineered (n ϭ 3) environments as listed in Table 2 . To compare communities at lower levels of taxonomic classification across studies of haloalkaline environments and identify common OTUs, closed-reference OTU picking was necessary due to differential coverage of sequences across the 16S rRNA gene between studies. After pooling all sequences retrieved via GenBank/EMBL (Table 2 ) and determined in this study, closed-reference OTU picking and taxonomic classification were performed with uclust (59) against a curated Greengenes database (49) with 97% similarity cutoff using QIIME (45) . The disadvantage of closed-reference OTU picking is that it resulted in the discarding of novel uncultured sequences that did not match at Ն97% similarity to existing sequences in the database, and therefore it likely underestimates the number of OTUs shared across haloalkaline environments. However, as different regions of the 16S rRNA gene were se- quenced across the published studies used for comparison, open-reference OTU picking, which does preserve novel taxa, was precluded.
Nucleotide sequence accession numbers. The sequence data for the bauxite residue samples obtained from Ireland, Germany, and Australia (July to December 2012) have been submitted to the NCBI Sequence Read Archive under study accession no. SRP049788; the sequence data for the oil sands tailings sample from Fort McMurray, Alberta, Canada (December 2012), have been submitted to the NCBI Sequence Read Archive database under study accession no. SRP055527.
RESULTS AND DISCUSSION
Microbial community structure and diversity across haloalkaline systems. Bauxite residue is a highly saline, sodic, fine-grained, and frequently waterlogged material, presenting a challenging environment for microbial survival. A total of 3,611 bacterial OTUs identified from 65,541 sequence reads were recovered from the eight samples; rarefied OTU richness (S rar ) ranged between 103 and 1,032 OTUs/sample (see Table S2 in the supplemental material). The Shannon diversity index at the OTU level (H= OTU ) was relatively low (H= OTU , 3.15 to 6.70; Table 3 ) compared to previously published data from naturally developed alkaline, saline environments (for salt/soda lakes, H= OTU ϭ 1.56 to 7.83 [55, 60] ; for geothermal springs, H= OTU ϭ 2.5 to 10 [61] ) but higher than other alkaline, saline tailings (for chromite ore processing residue, H= OTU ϭ 0.75 to 2.32 [58] ; for uranium mill tailings, H= OTU ϭ 3.51 to 3.96 [25] ; for oil sands tailings, H= OTU ϭ 4.9 [62] ), suggesting that bauxite residue communities are in a relatively early stage of community succession. Fungal DNA sequences were recovered from six of the eight samples, with a total of 31,362 sequence reads mapped to 823 OTUs. The two samples from which no fungal sequences were recovered were from an unremediated site (BR2) and a poorly remediated site (BR5). For samples with fungal reads, rarefied fungal OTU richness was very low (S rar , 7 to 126) and diversity at the OTU level was also low (H= OTU , 1.75 to 4.65) (see Table S2 in the supplemental material).
The overall bacterial community composition in bauxite residue (using open-reference OTU picking) was similar to compositions observed in some soda lakes and other alkaline, saline wastes in that the dominant phyla were Proteobacteria (40 to 80% relative abundance in bauxite residue), Firmicutes (2 to 22%), Actinobacteria (3 to 26%), Bacteroidetes (2 to 10%), and Cyanobacteria (Յ1.5%) (14, (56) (57) (58) 60) (Fig. 1a ; see also Table S7 in the supplemental material). Comparisons of fungal community structures were constrained by data availability: this is the first study to characterize fungal communities in bauxite residue and appears to also be the first in alkaline, saline tailings, limiting comparisons to previous studies of naturally occurring alkaline and/or saline environments. However, the fungal community structure observed here for bauxite residue was consistent at the phylum level with that observed in other hypersaline environments (36, 63, 64) , dominated by Ascomycota (52 to 100% relative abundance in bauxite residue), with minor contributions from Basidiomycota (Յ18%) (Fig. 1b ; see also Table S8 in the supplemental material).
Closed-reference OTU picking also confirmed similarities in bacterial community composition at the phylum level (see Fig. S1 in the supplemental material). After closed-reference OTU picking, 560 bacterial OTUs were identified across all samples from natural environments (Tirez lagoon [55] ) and engineered environments (bauxite residue, oil sands tailings, uranium mill tailings, chromite ore processing residue, and steel slag [56] [57] [58] ), 367 of which were present in bauxite residue (Fig. 2) . The relatively low number of OTUs identified in bauxite residue by closed-reference OTU picking (ϳ10% of total OTUs identified by openreference OTU picking) reflects the high proportion of OTUs present in bauxite residue communities that are Ͼ3% dissimilar to reference sequences currently present in the GreenGenes database. At the genus and OTU levels, bacterial community composition diverged from those of other haloalkaline environments, with bauxite residue communities overall sharing only 23% of OTUs with one or more other alkaline, saline environments ( Fig.  2 ; see also Table S9 in the supplemental material). Ten bacterial OTUs were identified as being shared across multiple haloalkaline environments, at moderate to high relative abundances, and persisted in bauxite residue microbial communities during remediation (Table 4) . Not all shared OTUs were present in all bauxite residue samples during remediation (across samples BR1 to BR8), although the overall percentage of shared OTUs within individual bauxite residue communities was relatively stable during remediation, at around 30% of OTUs matched at Ն97% similarity to existing reference sequences ("known" OTUs) (see Table S9 and Fig. S2 in the supplemental material) . Dispersal modulated by selection based on changing geochemical conditions (decreased salinity, sodicity; increased aeration) would account for the maintenance of some overlap between communities (not necessarily comprising the same taxa persisting over time) during tailings remediation. The preliminary analysis of the potential for common taxa to be hosted across haloalkaline environments presented here was limited by data availability (very few published DNA sequences from haloalkaline environments are available in a well-annotated, useful format through public databases), data comparability (amplicons in the few suitable studies available were generated from disparate regions of the 16S rRNA gene [ Table 2 ], necessitating the use of closed-reference OTU picking), and data richness (the few studies available used mostly Sanger sequencing technology and returned Յ200 sequences per sample [ Tables 2 and 3] ). Consistent with the high proportion of novel taxa observed in the highly specialized communities from previously studied natural (100% of OTUs from Kenyan soda lakes; 45% of OTUs from Tirez Lagoon [ Table 3 ]) and engineered (37% for uranium mill tailings to 93% for oil sands tailings communities [ Table 3 ]) haloalkaline environments, here, 90% of bacterial OTUs and 73% of fungal OTUs from the bauxite residue samples could not be matched to existing 16S rRNA and ITS sequences from cultured representatives at Ͼ97% similarity (Tables 5 and 6 ), which reflects both the high diversity in haloalkaline environments and the relatively understudied nature of haloalkalitolerant microbial communities. In bauxite residue, phylogenetic hot spots for novel taxa were located within bacterial phyla Proteobacteria and Bacteroidetes, within which Ͻ12% of OTUs could be matched to sequences from cultured representatives, and fungal phyla Basidiomycota and Glomeromycota, within which Ͻ15% of OTUs could be matched to sequences from cultured representatives (Tables 5  and 6 ). Other hot spots were located in the minor phyla (accounting for Ͻ5% of all OTUs each), within which almost all OTUs were from uncultured taxa (Tables 5 and 6 ). Minor phyla hot spots included several candidate (GN02, GN04, TM7, OP11) and undescribed phyla. Salinity and total alkalinity are the major geochemical drivers of microbial community structure in engineered haloalkaline environments. Environmental parameters were statistically significantly linked to 84% of variation in bacterial community composition in bauxite residues and 73% of variation in fungal community composition (see Tables S3, S5 , S10, and S11 in the supplemental material). Hierarchical clustering grouped bauxite residue communities by remediation status (Fig. 1a and b) , indicating that community structure responds to changes in geochemical and physical conditions. Salinity was significantly nega- tively correlated with bacterial OTU richness (S rar ) and OTU level diversity (H= OTU ), accounting for 31% of variation in bacterial community composition between samples in combination with sodicity and silt content through principal component 1 (PC1) ( Fig. 3 ; see also Tables S3 and S10 and Fig. S7 in the supplemental material). This supports previous studies in natural environments (32) indicating that salinity is an important and consistent control on bacterial community composition and diversity across natural a These OTUs were present in more than one environment type, at a relative abundance of Ն1 % at least one environment, and present in at least three of the four bauxite residue remediation clusters. Phylogeny is given to the highest level of taxonomic classification returned from the GreenGenes database. Abbreviations: COPR, chromite ore processing residue; UMT, uranium mill tailings. b -, OTU was not present in this sample. and engineered systems. Sodicity influenced bacterial and fungal communities differently: bacteria were sensitive to Na ϩ concentrations in pore water (as water-extractable Na), whereas fungi were sensitive to Na ϩ sorbed to mineral and organic matter surfaces (as exchangeable Na ϩ ) (see Tables S3 and S5 in the supplemental material). The close associations between fungi and soil particle surfaces and the limited motility of fungi may account for their sensitivity to exchangeable Na ϩ . Total alkalinity was the main environmental driver of fungal community composition in bauxite residue, significantly correlated with PC1, which accounted for 38% of the variation in fungal community composition among samples ( Fig. 4 ; see also Tables  S5 and S8 and Fig. S8 in the supplemental material) . Decreases in total alkalinity (from as high as 14 mol H ϩ kg Ϫ1 to Յ1 mol H ϩ kg Ϫ1 ) across the remediation gradient significantly increased fungal community diversity and OTU richness and also decreased the dominance of putative alkaliphiles within the bacterial community ( Fig. 4 ; see also Tables S5 and S6 in the supplemental material). Again, fungi have limited motility compared to bacteria, and the prolonged dissolution of minerals such as sodalite and calcite (38) over time in bauxite residue would select for alkalitolerant fungal species in the local pore environment.
In contrast to total alkalinity, pH was less influential on both bacterial and fungal community composition in this extremely saline and alkaline setting than expected from observations in natural soils (30, 31, 65) . pH, which ranged from 4 to 11 across sites, did not correlate significantly with any principal component accounting for variation in the fungal community (see Table S5 in the supplemental material) and played only a minor role in bacterial community composition (statistically significantly correlated with PC5, accounting for 12% of variation in community structure in combination with exchangeable sodium percentage; see Table S3 in the supplemental material). The capacity of haloalkalitolerant species to acidify their local environment through the production of organic acids and exopolymeric substances may render them relatively insensitive to pore water pH but sensitive to total alkalinity once their buffering capacity is exhausted.
Implications for microbial biogeography: colonization and community assembly in natural and engineered haloalkaline environments. Both bacterial and fungal community structures were strongly correlated with environmental conditions, identifying coherent geochemical-community structure linkages. Selection (based on environmental factors) appears to be more important in shaping bacterial than fungal communities in bauxite residue, because a greater proportion of variance in community structure could be explained by environmental factors and the major driver of bacterial community structure (salinity) was consistent across natural and engineered haloalkaline environments. This was not the case for fungal communities, which indicates that the relative importance of stochastic (neutral) versus deterministic (niche) processes during primary succession in tailings and mine wastes differs across kingdoms. As has been observed during primary succession in deglaciated soils, bacteria are less likely to be dispersal limited than fungi, and thus bacterial communities are more likely to be shaped by deterministic processes (including selection pressures from environmental factors consistent with those operating in natural haloalkaline environments) than fungal communities (66) . The dominance of stochastic processes operating on fungal community assembly during the early stages of microbial community assembly may account for the smaller pro- portion of variation in fungal community structure, which could be statistically linked to environmental factors. Extremophilic microbial communities in alkaline, saline bauxite residue shift from haloalkaliphile-dominated assemblages to assemblages comprising halotolerant, freshwater, and forest/ grassland soil species as salinity, sodicity, and alkalinity decrease during remediation ( Fig. 3 and 4 ; Table 1 ). Proportions of bacterial phyla typical of anoxic, saline environments (Firmicutes, Epsilonproteobacteria, Gammaproteobacteria) (14, 67, 68) significantly decreased and were replaced by phyla typical of freshwater and forest/grassland soil environments (Gemmatimonadetes, Planctomycetes) (30, (69) (70) (71) (Fig. 3) . Additionally, the percentage of bacterial OTUs able to be matched to cultured representatives was lowest in well-remediated, diverse bauxite residue communities (Table 5 ). This held true across the community as a whole, as well as for individual phyla. The increase in novel OTUs (bearing Ͻ97% DNA similarity to cultured representatives) within communities during remediation (Table 5) indicates a role for dispersal and/or diversification (sensu Vellend [72) in bacterial community succession after tailings deposition. These results highlight that although alkaline, saline tailings are initially geochemically and biologically similar to naturally developed alkaline, saline environments, the weathering processes acting on tailings can rapidly shift these properties toward those of typical soils, with circumneutral pH, lower alkalinity and salinity, and a more diverse microbial community with decreased dominance of Gammaproteobacteria, Firmicutes, and Ascomycota.
The initial stages of microbial community colonization and assembly in engineered haloalkaline environments will therefore be of most value for understanding similar processes and the origins of high microbial diversity in natural analogues such as soda lakes. Geochemical shifts occurring during bauxite residue remediation are the reverse of shifts occurring during the development of thalassohaline (and some athalassohaline) soda lakes, which become progressively more saline and sodic during evapoconcentration of brines. Focusing on the initial stages of colonization in engineered haloalkaline environments will enable identification of how and when members of key functional guilds (nitrogen fixers, iron reducers, sulfate reducers, fermenters, etc.) are recruited and of their roles in the development of geochemically and spatially defined habitat niches based on the interaction of existing environmental characteristics with outputs of microbial metabolisms such as iron and sulfur reduction. This will improve current understanding of how the remarkable phylogenetic diversity over small spatial scales observed in natural haloalkaline environments (4, 34) has developed.
The investigation of microbial diversity and biogeography in extreme environments is also of importance in identifying more broadly the global environmental drivers of community composition and diversity. In natural soils, within the normal range of Table 1 . Axis labels refer to principal components (PCs) and the total proportion of variance explained by each component (%). Double-headed arrows and labels next to the top x and left y axes identify significant correlations between principal components and environmental variables. Double-headed arrows and labels next to the bottom x and right y axes identify significant correlations between principal components and microbial community composition and diversity variables. Bold text in boxes within graphs identifies inferred environmental characteristics associated with high and low loadings on each combination of principal components. Other principal components are displayed in Fig. S3 to S6 in the supplemental material. expected soil pH (4.5 to 8.5), Proteobacteria have been shown to increase in relative abundance as pH increases (31); however, in our study extending to highly alkaline pH (pH values Յ11), the relative abundance of Proteobacteria decreased as pH increased, with abundance of Alphaproteobacteria strongly negatively correlated with pH (see Table S4 in the supplemental material). This demonstrates that relationships between microbial community composition and environmental factors cannot be reliably extrapolated from agricultural, forest, or grassland soils to more-extreme environments and supports the inclusion of extreme environments in global biogeographical studies, as well as their separate characterization to elucidate successional processes that apply under conditions posing multiple challenges for microbial survival.
Conclusions. This study demonstrated that although microbial communities are similar at the phylum level across natural and engineered terrestrial haloalkaline environments, they differed at the OTU level. Bauxite residue harbored substantial novel microbial taxa (90% of bacterial OTUs and Ͼ70% of fungal OTUs were unable to be matched to a reference sequence), consistent with other natural and engineered environments, while sharing a number of common OTUs. The presence of common OTUs across a range of natural and engineered alkaline, saline environments warrants further investigation for understanding community assembly and successional processes in salt and soda lakes. Of particular value in this approach is the opportunity to understand the origins of high microbial diversity in salt and soda lakes by investigating community assembly in engineered environments that provide a geochemically analogous, low-diversity initial setting.
Consistent geochemical drivers of bacterial, but not fungal, community structure across natural and engineered environments were identified in this study. Salinity was the major driver of bacterial community structure in bauxite residue, whereas total alkalinity was the major driver of fungal community structure, in contrast with natural haloalkaline environments, where pH is the major driver. Overall, 84% of variation in bacterial community composition in bauxite residues and 73% of variation in fungal community composition was linked to environmental factors. Microbial communities shifted from narrow, haloalkaliphiledominated assemblages to more-diverse communities resembling those found in forest and grassland soils as salinity, sodicity, and alkalinity decreased in bauxite residue during remediation. Differences in microbial community compositions according to environmental conditions within bauxite residue tailings are likely driven by selection and imply links between the functional and physiological capacities of these microbes and their environment, which may be usefully exploited in the development of novel, microbially based bioremediation strategies for management of alkaline, saline wastes. The relative abundance of novel OTUs within bacterial communities increased during remediation in bauxite residue, implying that alleviation of the extreme geochemical conditions prevalent in unremediated tailings allows a more diverse community, distinct from that of natural analogues such as salt lakes or forest/grassland soils, to establish as an intermediate state during primary succession. Table 1 . Axis labels refer to principal components (PCs) and the total proportion of variance explained by each component (%). Double-headed arrows and labels next to the top x and left y axes identify significant correlations between principal components and environmental variables. Double-headed arrows and labels next to the bottom x and right y axes identify significant correlations between principal components and microbial community composition and diversity variables. Bold text in boxes within graphs identifies inferred environmental characteristics associated with high and low loadings on each combination of principal components.
